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Abstract. A nove X-ray technique was used, exploiting synchrotron radiation a the Advanced Photon
Source & Argonne National Laboratory, to invesigate the growth sresses in a-Al,O;.  In-Stu
measurements of Debye-Scherrer diffraction patterns from the scale were recorded during oxidation and
cooling, and the dliptical distortion of the diffraction rings was andlyzed to yield the in-plane srain. Fe-
28Al, Fe-40Al, Fe-40Al-0.2Hf, Fe-20Cr-10Al and Ni-50Al (at. %) were studied. Data were acquired in
ar at temperatures between 950-1100°C and during cool down. In al cases, the steady stage growth
drain was rlaivey low (<0.1%) and was ether tendle or compressive depending on the dloy. A higher
tendle drain often existed during the initid oxidation period when trangtion dumina was present. Therma
stresses imposed on NiAl by reducing the sample temperature to 950°C for a period of time showed
noticesble dtress relaxation by creep. Different degrees of relaxation were aso found during cooling
depending on dloy composition and scae microgtructure. On al Fe-based dloys, the first formed a-
AlL,O; was highly textured with the degree of texture decreasing with further oxidetion. The relaionships
between dress development, scae wrinkling, oxide phase changes, and the effect of reactive dement
addition on growth stresses are discussed. Results are compared with other reports of growth stresses in
A|203 scales.

Introduction. The existence of oxide growth stresses has been known for decades [1]. At high
temperatures, the oxidizing components often respond to the stress by plastic deformation of the substrate,
especidly if it isthin and wesk [2], and/or by deformation of the fine grained oxide [3]. Unrelieved growth
stresses can combine with therma stresses that develop during cooling to initiate and drive scae failure.
Although the level of resdud growth stress may be just a fraction of the cooling stress, knowing its
meagnitude is gill important for accurate mechanistic modeling of scae or coating falure, which is critica to
many indudtrial gpplications. Moreover, the magnitude of the growth stress and the mechanism by which
the oxidizing component relieves it can affect the microstructure which, in turn, influences scale adhesion.
Alternatively, it can be argued that the microgtructure, especidly that in the scae, can affect the build up
and relaxation of the growth stresses [4]. None of these rdationships is fully understood. Neither do we
know if or how growth stresses vary with alloy compaosition.

Few dudies have followed the development of growth dresses during oxidation, manly due to
experimentd difficulties. The task is epecidly chdlenging for Al,O3; forming aloys, due to ther high
temperatures of oxidation, and the dow growth rates and weak x-ray scattering of the Al,O; scales.
Severd attempts have been made, a oxidation temperatures between 950-1200°C, to determine the stress
level using deflection techniques [5-8] and x-ray diffraction [9-11]. Residua stresses measured at room
temperature have aso been used to extract information about the growth stress.  In this procedure, it is
assumed that no dress relaxation occurs during cooling and that the stresses resulting from therma



expangon mismaich between the scade and the dloy are accurately known. Alloy dimensond changes
have been used to quditatively indicate the state of the growth stress [12,13].  Quantitative measurements
of growth dresses were obtained by coupling measured dimensona changes with resdud dress
measurements [14].

To date, reported stress results from a-Al,O5; formed on b-NiAl are in better agreement than those found
on Fe-based aloys. All studies on NiAl showed initid tensle stresses related to the phase transformation
from trangtion dumina to dpha. After this transformation is complete, the stress is near zero [10,15] or
dightly compressive (-80 MPa) [11], except a recent in-situ XRD study done at 950°C, which found 500
MPatensle siress[8]. The effect of a reactive dement, Hf, was to reduce the smal compressve growth
stressto zero [11], or raise the tendle stress from 500 to 600 MPa[8].

Although more data exist for FeCrAl aloys, the agreement between the reported studies is poor. All
deflection results showed initialy high compressive growth stresses (from —250 to -900 MPa) [5-7], and
levels deduced from room temperature resdua stress measurements ranged from (-0.3 to —1.8 GPa)
[9,15,16]. A dudy of room temperature stress levels coupled with specimen length change found high
tensile (1.2 GPa) or low compressive (0.1 GPa) growth sresses during the initid stage of oxidation (0.1
hr) at 1000°C, but the stresses were al compressive (up to —1.2 GPa) after longer times at 1000°C and at
dl times a higher temperaures. After oxidation a 1100-1300°C followed by cooling to room
temperature, specimens usudly extended [13,14]. This result has dways been taken as a clear indication
of tensle sresses in the dloy and compressive growth stressesin the scale. However, specimen shrinkage
has a so been reported [13,12], which could be due to extensve spalation or could imply tensgle stressesin
the oxide. Recent in-situ XRD studies reported growth stresses that are either compressve (—1 to —1.7
GPa) [L7] or tensile (20-500 MPa) [11], both showing lower absolute levels a higher oxidation
temperatures. These stress levels vary agreat ded even though the same type of FeCrAlY dloy was used.
Clearly, additiond studies are needed to resolve this disagreement. Furthermore, the effect of reactive
elements on growth stressesis not yet clear. To illudtrate, one study using the deflection technique [5] and
two that measure specimen dimensiona changes [12,13] indicated lower growth stresses with the reective
element, while in-stu XRD measurements showed the opposite [17].

In this work, a novel X-ray technique is used that records Debye-Scherrer diffraction patterns from the
oxidizing specimen during oxidation and cooling. Elliptical digtortion of the diffraction rings is andyzed to
yield the in-plane strain. The god is to utilize a different in-situ XRD method to try to resolve some of the
controversa results on growth siresses that have been reported.  This paper reports our first results on
severd Fe-based alloys with and without Hf addition and on asingle crysta b-NiAl.

Experimental Method. In-situ srain measurements were performed usng x-ray diffraction (XRD)
exploiting synchrotron radiation at beamline 12BM at the Advanced Photon Source a Argonne Nationa
Laboratory. A schematic of the experimental setup is shown in Fig. 1. The test specimen is placed on a
0.6 mm thick dumina shelf mounted in a horizontd tube furnace. A thermocouple is located immediately
below the sample shelf. The temperature was cdibrated by melting a gold foil in the sample position. The
x-ray beam, with 21.6 keV energy, drikes the sample a an incidence angle of 2 to 5°. The beam is
focused and/or shuttered to a spot size of aout 0.2 mm (FWHM) x 1 mm. Sample dimensions can be
quite variable with this setup. In these studies, the polished surface (1 mm diamond grit) is rectangular, ~
10 x 15 mn¥, or circular, ~ 15 mm dia; the sample thickness is typicdly a few mm. The sample is
carefully positioned to intercept the entire beam, with no significant over- or under-shoot. Half circles of
Debye-Sherrer diffraction rings from the sample are recorded using an image plate detector; an exampleis
givenin Fig. 2b. For precise determination of the x-ray scattering center, or any detector misorientation, a
porous, Sntered dluminais used as areference. The reference is placed into the x-ray path (Fig. 1b), using



a pneumatic actuator, after the test specimen is lowered. The x-rays penetrate through this thin reference
and yidd full-circdle diffraction spectra that can be andyzed to obtain the location of the beam centroid to
within£ 2 mm. The reference and sample motions are computer driven; typicaly, a reference spectrum is
recorded after five successve sample measurements, each of 5 minutes duration.

(@) (b)

Fig. 1. (&) X-rays strike the sample and generate a Debye-Scherrer diffraction pattern in the upper half
plane of the large area detector. (b) To measure the beam position, the sample is lowered and a
reference is exposed.
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Fig. 2. (a) Schematic of the diffraction arrangement and (b) Diffraction patterns from an Al,Oz film
grown on Fe-40Al-Hf at 1000°C for 15 hrs. Varying intensity along the rings indicates texture in the
oxide, and bright diffraction spots are from the substrate.

The technique is a sngle exposure method, where diffraction rings from dl diffracting planes in the
accesshlerange of y (~ 7 - 75°) are smultaneoudy acquired.  As shown in Fig. 2a, y is the angle
between the sample norma and the scattering vector.  Since in-plane and out-of-plane d-spacings of
diffracting planesin a stressed film are different, the resulting Debye-Scherrer rings are dlipticaly distorted.
This dlipticity is measured and analyzed, exploiting the entire available diffraction pattern in the upper hdf
plane to determine the grain in the film.  With conventiond tilting methods, measurements are typicaly
acquired a only afew y angles in the Debye-Scherrer pattern.  The ability to obtain data from a wide
rangeof y angles in the current method not only provides high precision (~ 2 x 10° in drain), but aso
indicates texture, if it exigts, and shows the location of any diffraction rings or pesks from subdtrate grains.
Talls from subgtrate diffraction lines could overlgp the oxide diffraction rings dtering their shape and give an
erroneous dlipticity (strain). The diffraction pattern also shows those oxide phases that may be present a
different oxidation times.

Diffracted intengty from the strained lattice planes must satisfy the condition snq =1/(2d,). Note that, for
adiffraction ring from an undtrained oxide, g is congtant for dl vy ; the variation in g comes from changes in
the angle dependent d-spacings caused by srain. The intengty is given by | = g + Cxfxexp (20-
200)°/2w” where | is a background term, go(y )= Sn'[l /(2d,)] is the centroid of this intensity plot, w is
its Gaussian width and C isthe amplitude. It can be shown that d, = do[1+Asin’y +B] where A and B are
functions of eastic compliance parameters [18,19]. It is assumed that the oxide film is isotropic with no



shear and is under a biaxid dress. The in-plane drain is then given by e, = [A(1-n)] / [2nA +
(1+n)(1+B)] wheren isthe Poisson'sratio. The terms A and B, aswell as C and w, are treated as fitting
parametersin a3-D plot of the entire (116) intensity of the a-Al,O; phase asafunction of y . The function
f isformulated to include effects of absorption, x-ray beam polarization and sample texture,

Test specimens were heated a a linear rate of 1000°C/hr in ambient ar. Diffraction patterns were
recorded after the sample reached its desired oxidation temperature a 5 min intervas during the isothermal
stage and continuing through cool down. Some iron aduminides were cooled at 300°C/hr, otherwise
samples were furnace cooled, reaching near ambient temperature in about 1 hr. Occasondly, the
temperature was reduced and held at adightly lower level to examine the build up and rdaxation of therma
dresses. A single crysta b-Ni50Al, and five different Fe-based Al,O3 forming dloys were sudied; they
are Fe-28Al, Fe-40Al, Fe-40Al-0.2Hf and Fe-20Cr-10Al (at. %). Most specimens were oxidized at
1000°C, and afew at 1100°C. After the strain study, test samples were examined using scanning electron
microscopy. Duplicate specimens oxidized under the same conditions elsewhere were used to reved the
morphologica development of the oxide scales.

Results and Discussion. Growth and cooling strains and their relationship with scade development for
each dloy are presented and discussed in separate sub-headings here. More generd discussions of growth
stresses will be presented in the next section.
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b-NiAl. Fg. 3 shows the in-plane drain levels in the a-Al,O3; scale grown on a 25 mm thick sngle

crystal NiAl(100) sample that was oxidized at 1100°C. Aninitid tensile stress (~ 700 MPa, using Eajz0s =

350 GPa, where E is the Y oung's modulus) was observed which rapidly declined to zero. This behavior is

in agreement with previoudy reported results [8,11]. The initid tensle dress is attributed to the

transformation of the firg-formed dumina to the more stable apha form, since this process involves a
volume reduction [20]. After the phase transformation was complete, the stress became near zero. Others
have dso shown the same low steady dtate growth stress level in NiAl [10,11].  After 400 minutes of

oxidation, the temperature was lowered to 950°C, where it was held for 450 min. The reduced

temperature imposed a compressive stress on the oxide as a result of the therma expansion difference
between the oxide and the subsirate, and a creep response was observed providing strain relief. Since the

oxide/aloy ratio at this time was less than 2/2500, the level of dress in the meta would be no more than
0.6 MPa. The dtress relaxation observed here must be due to creep of the fine-grained oxide. After the

temperature was returned to 1100°C, the stain became dightly tensile, but then quickly dropped back to

the zero leve that was observed before the cooling stage.

Fe-40Al. Fg. 4a shows the in-plane drain levels from a-Al,O; scaes grown on four different Fe-
based dloys at 1000°C; each specimen is about 1 mm thick. The Fe40Al dloy quickly developed a



tendle stress of about 600 MPa, about the same magnitude as that found on the NiAl, and then it declined
to a steady State compressive level of about —175 MPa. A complete layer of a-Al,O; forms a the
scaedloy interface on this dloy after 1hr oxidation a 1000°C [21], which is the time in which the
measured stress stabilizes to the compressive level. These results again suggest that the initid tendle stress
is due to Al,O3 phase transformetion.

During cooling (Fig. 4b) the compressive dress in the a-Al,Os increased as a result of the build up of
therma stresses, until scale failure took place at about 400°C. Observation of the specimen surface after
oxidation (Fig. 5d) indicated that the oxide layer was flat and there was extensive spdlation, a process that
relieved mogt of the growth and thermal stresses that had built up in the scale.
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Fig. 4 Strainsin a-Al,O3 grown on different Fe-based aloys during oxidation at 1000°C (a) and during
cooling (b).

Fe-28Al. The diffraction petterns from this dloy in the initid stages were complex, showing trangtion
aumina and other phases, probably iron oxides or Fe, Al spind; seady drain leves with time were only
obtained after the first hour. At this time, the Al,O3; phase transformation should have been completed,
since acomplete a-Al,O3 layer on this aloy develops after ~15 minutes at 1000°C [21]. The dressin the
a-Al,O3 is seen from Fig. 4ato be compressive at 1hr, about —350 MPa, but dowly reaxed, in the tensle
direction, to a steady dtate tensile level of ~ 105 MPaafter 3.5 hrs. Previous studies of thisaloy [22] have
shown that wrinkling of the scale and the dloy occurs early on, before 2 hrs, and the behavior is initidly
dependent upon aloy grain orientation, i.e., scaes on some dloy grains wrinkled, while scales on other
grains remained flat. Soon &fter the wrinkling, some of the scale loses adhesion with the dloy and growth
buckles develop; an example of this morphology can be seen in Fig. 5b. The growth stress measurements
presented here are consstent with this microgructurd evolution.  Since the firg formed scde is
compressively stressed, wrinkling takes place, which relaxes the apparent stress to near zero.  Once the
surface is wrinkled, there is a stress component in the z-direction and there are shear stresses in the scale,
50 the assumption of apurely biaxid stress state with no shear isno longer vadid. It isnot yet resolved if the
deady date tensle level detected after extensve wrinkling is due to a breakdown of this assumption, a
preferentid measurement on the peaks of the wrinkles, or an experimenta error of the absolute level of
zero dress. Although unstrained bulk aumina has not yet been tested, a piece of loosdy sntered Cr,O3
placed in the sample position confirmed the zero level to within 0.01% drain.



Fig. 5b shows the scale morphology after the test specimen was cooled to room temperature. Many aress
have extendgve scae buckling with little scale to dloy contact. The buckles must have developed a the
oxidation temperature because the dloy surface benesth them is often smooth and facetted without any sgn
of oxide imprints. During cooling, the buckles probably grew to rdax some thermd stresses. Thisis why
the build up of cooling stressis much less on this aloy as compared with other FeAl's (Fig. 4b). Additional
stress relaxation took place at temperatures below 500°C, probably due to spdlation from the unbuckled
aress.

Fig. 5: SEM images of the surfaces of oxidized (a) Fe40Al, (b) Fe28Al, (c) Fed0AIHf and (d) FeCrAl.

Fe-40Al-Hf. When a reactive e ement was present in Fe-40Al, the scale became very adherent. No
sgn of falure was observed after oxidation and cooling (Fig. 5¢). As aresult, the thermd strain continued
to increase to a compressive level of —1.65% (Fig. 4b), which is expected from caculations based on the
therma expansion mismatch of the dloy and the oxide, at —1.5%. The growth stress, however, showed a
peculiar behavior (Fig. 48). It was & dl times low and tenslle, increasing from near zero & the very early
stage to close to 175 MPa at the end of the oxidation run. Reactive dement additions usudly retard the a -
ALO; transformation [23], o if the initid tendle stress seen on the Fe-40Al is due to this transformation,
the same kind of tensle stress should dso be detected here and it should last longer, unless the initia
growth stress on this dloy is highly compressive such thet it overwhelms the transformation stress. Another
possibility is that the highly textured initid scaes, giving rise to nonruniform intengty didribution of the
diffraction rings, caused errors in the srain andyss, meking the initid stage strain data not trustworthy.
However, texture became less gpparent after the first few hours, but the Steady State stress level remained



tendgle. Since the scde in this case is flat and adherent, the assumption of a biaxia dress state should be
vdid. The presence of thislow Steady date tendile stressis under further investigetion.

FeCrAl. Like Fe-28Al, this dloy adso develops a wrinkled morphology, and a 1000°C, wrinkling
darts after about 30 minutes. However, scae adhesion is stronger, o there is little separation from the
adloy, even during cooling (Fig. 5d). Consequently, thermal stresses build up on cooling without sudden
relaxation as on Fe-28 and 40Al (Fig. 4b). The find dress level a room temperature is lower than that
found on the FeAl dloys due to a smdler therma expanson mismatch between FeCrAl and Al,O; [24].
The cdculated therma strain is—0.6%, which is higher than the measured find level of <0.3%. Thus there
must be dress reaxation during cooling (the small compressve growth strain contributes very little to the
resdua grain). Judging from the dope of the cooling curve, most relaxation occurred during the first
350°C; the wrinkles probably continued to grow to relax some of the thermal stresses.

The firs measurement of growth dress in the early stage scde, taken ~0.3 hr. after the oxidation
temperature was reached, was compressive, about -408 MPa. This early stage stress showed relaxation
that was initidly dmost exponentia (up to ~2 hrs) followed by nearly parabolic behavior, reaching a steady
dtate of lessthan —40 MPa. This behavior agrees well with current understanding of the oxide devel opment
onthisaloy. At 1000°C, a-Al,Os isthe mgor phase on FeCrAl after 16 minutes [25]. Relaxation of the
compressive stress must be achieved by the wrinkling of the scale and the FeCrAl dloy, which is known to
occur during oxidation, and the phenomenon is believed to be driven by the biaxid compressive stress in
the oxide film [26,27].

General Discussion. Of the five dloys tested, NiAl, FeCrAl, Fe28Al, Fed0Al and Fe40Al with Hf,
steady state residual growth stresses after 2 hrs at 1000°C were dl very low, ranging from —175 to 140
MPa. Stress relaxation studies carried out on NiAl a 950°C, following oxidation at 1100°C, showed
faster dtress relief by oxide creep than stress build up by oxidation. These results suggest that residua
growth stresses in fine grained dumina scales (usudly between 100-200 nm [28]) formed at oxidation
temperatures as high as 1000-1100°C, are not a the GPalevels shown by other studies [9,17]. Such high
dressleves are particularly unlikely on FeCrAl where extensive scae and dloy wrinkling takes place as a
plastic response to the growth stress.  Furthermore, we can infer from the cooling data of Fig 4b that this
kind of wrinkling morphology is able to relax, within 1 hr, mog of the therma stress that would have built
up on cooling from 1000 to 800°C. The effectiveness of dress relaxation during cooling is obvioudy a
function of cooling rate. Future work will study this effect more extensively.

The determination of growth stresses in early stage scales using x-ray diffraction techniques is complicated
by severd factors. The firgt formed Al,O;z is generdly not the a-phase but dowly trandforms to a at
temperatures above 1000°C. This transformation, with an associated volume change, can give rise to an
initid tendle stress. Strong diffraction pesks from grains in the dloy and diffraction rings from other oxide
phases can introduce errors into the strain analyss. Furthermore, the firs-formed a-Al,O; on dl tested
aloys except NiAl showed gtrong texture, giving rise to very nonuniform intengties around the diffraction
rings. Incorporation of base metds into the first formed AlL,O; scade is known, and this kind of
compositiona change will dso complicate strain measurements when a lattice parameter is used as a grain
gauge unless careful corrections are made.

Conclusions. In-gitu x-ray diffraction measurements, exploiting synchrotron radiation, have been used to
measure growth grains in a-Al,O; scaes thermaly grown on the dloys Fe-28Al, Fe-40Al, Fe-40Al-
0.2Hf, Fe-20Cr-10Al and Ni-50Al (at. %). For Ni-50Al, oxidized at 1100 °C, zero growth stress was
observed in the oxide after an initid ~700 MPa tensile stress attributed to Al,O5; phase transformation.
After reducing the temperature from 1100 to 950°C to impose a compressive stress on the scae
(exploiting therma mismatch between oxide and substrate), stress relaxation, achieved by oxide creep, was



able to reduce the imposed strain by about 25% in 7.5 hrs & 950°C. Fe-40Al retained a resdua
compressive stress of ~ 175 MPa after the scale had transformed to a-Al,O;. Fe-28Al had ~ 420 MPa
of compressve dress after the first hour of oxidation, which quickly reaxed to ~ 70 MPa after scae
wrinkling and buckling. Similar behavior was observed for FeCrAl, as the initid compressive sressin a-
AlLO; was relaxed by scale wrinkling, leaving a Steady State leve of ~—40 MPa. The effect of adding Hf
to Fe40Al was to reduce the compressive growth stress; with Hf, the stress level was dightly tensle at dl
times. It is yet not clear why the growth stress should be tengle in this case. Work is in progress to
investigate more reactive dement containing aloys.
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